A preliminary comparison of the installed performance of three variable cycle jet engine concepts for future Supersonic Transports is outlined in this paper. These engines, are: the Turbofan-Turbojet, the Mid-Tandem Fan engine and the Double Bypass Engine.
INTRODUCTION
It is now generally accepted that the propulsion systems of future supersonic civil transports will be variable cycle engines (Refs. 2 and 6). These can cope with the conflicting performance and environmental requirements imposed on commercial transports.
Many variable cycle engine concepts, for a variety of applications, have been proposed in the past. A substantial body of analytical work is now available. Development work has also been carried out and an engine has reached the prototype/pre-production stage. Here, the focus is on performance. Noise is not analysed explicitly, but, if possible the nozzle exit velocity at take-off is limited to 400 m/s, to conform to a generally accepted notional guideline.
Recently the detailed analysis of engine performance and its implications on handling and fuel consumption has been published (Refs. 8 The first engine performance runs were carried out employing standard compressor maps embedded in TURBOMATCH. These gave an idea of the required compressor performance. A compressor design and offdesign analysis was then carried out and the new maps thus generated replaced the standard maps used initially. The three engines are low bypass ratio turbofans at the supersonic mode and medium bypass ratio turbofans at takeoff and subsonic mode. Tables la, lb and Ic outline the main cycle parameters of each engine. 
Double Bypass Engine
The Double Bypass Engine ( Fig. 1 ) has two spools, three compressors, two turbines, a fully variable convergent divergent nozzle and a variable area bypass duct. An after burner is required to increase the thrust at certain points of the mission, such as the transonic acceleration where the thrust required is higher than that provided by the dry engine.
It has two separate bypass ducts. In the subsonic mode the flow is split after the LP compressor and the bypass stream is discharged by a separate convergent nozzle. For supersonic mode the outer bypass duct is closed and the flow is split now after the IP compressor and the inner duct is open to pass the bypass stream which is mixed again with the main stream after the LP turbine to be discharged through the convergent divergent nozzle.
Mid-Tandem Fan
The philosophy of the design of the Mid Tandem Fan engine (Fig. 2) is to achieve the benefits of a turbofan, but with a smaller inlet diameter. Thus, the fan, driven by the LPT, is mounted behind the IP compressor where the diameter is smaller, thus the compressor frontal area is reduced.
In the LP mode (subsonic mode) the bypass flow enters the engine via both the frontal air inlet and the lateral air inlets and mixes again with the main stream after the LP turbine to be discharged by the convergent-divergent nozzle.
In the HP mode (supersonic mode) the auxiliary intakes are closed and the bypass flow is reduced by modulating the mixer and nozzle areas. 
Turbofan-Turbojet Engine
The Turbofan Turbojet (Fig. 3 ) is a mixed stream turbofan with two spools, three compressors, two turbines, a fully variable convergent divergent nozzle and a variable area bypass duct. An after burner is required to increase the thrust at certain points of the mission, such as the transonic acceleration where the thrust required is higher than that provided by the dry engine. The flow is separated into two streams after the LPC. The bypass stream is then mixed again with the core stream after the LP turbine.
During supersonic operation, the engine is a low bypass turbofan engine with a high percentage of the LPC flow being passed through the core compressor. The bypass duct is almost closed. For subsonic flight the outer duct and nozzle throat and LP compressor stators are open to allow an increase in bypass ratio.
ENGINE SIZE
The diameter and length of each compressor and turbine have been estimated. The length of the combustion chamber and the ducts are also estimated. Table 2 gives the component sizes for the three engines. The TFTJ seems to be 10 % shorter than the other two engines. Naturally there are uncertainties in the calculations, but the results shown are a useful comparison between the engines. The net propulsive force of a simple isolated or offwing nacelle was calculated at the supersonic and subsonic points, to assess airframe engine integration effects.
In order to calculate the powerplant drag the geometry of the whole nacelle, including the intake and the nozzle, was estimated for the two design points. The throttle dependent drag at climb and acceleration and the effect of the engine spillage on the wing performance was not included in this study, it is assumed to be similar for all engines. A mixed compression intake with three external oblique shocks is used to obtain an acceptable total pressure ratio while obtaining acceptable cowl drag (Ref. 5) . Table 3 shows the lengths of the different nacelle components. Table 3 shows that the intake length is about half the total nacelle length. Figure 6 shows the final layouts of the three engines.
The drag calculation followed. Total drag includes air friction drag on the external surface of the nacelle, the preentry drag, the nozzle afterbody drag and the wave drag
Friction Drag
The supersonic drag calculation is based on theoretical and numerical methods. The skin friction drag components are similar in both supersonic and subsonic flow. The effects of compressibility and heat transfer must be accounted for at supersonic speeds. The drag of the nacelle due to friction and form is computed as: D = Cf * FF *IF* q * S Where Cf is the compressible flat-plate skin friction coefficient, FF is the nacelle form factor, q is the dynamic head pressure (q = 1/2 *po *v02), and S is the nacelle wetted area. The flat-plate, compressible, turbulent, skin friction coefficient is determined from the following equation: is zero when the flow ratio is 1, and increases when the flow ratio decreases. Figure 4 shows the variation of the free stream captured area relative to the supersonic design area as a function of flight Mach number..
Wave Drag
The wave drag (Dwa"e) is evaluated only at supersonic speed. It is due to the increase in the static pressure (P", -Po) through the shock wave and it is given by:
The wave drag is a function of the free stream Mach number, wave shock parameters, the inlet intake geometric area and the maximum nacelle area (A max). Table 4 shows the different components of drag at supersonic and subsonic points for the three engines. Details of these calculations can be found in References 13 and 5. From table 4 we can see that the skin friction and form drag (SF& F Drag) is the most important term in the total nacelle drag at supersonic mode. It forms almost the total nacelle drag for the MTF. In fact, if the intake inlet area is bigger or equal the nacelle maximum area, the wave and pre-entry drags are almost zero. The wave drag is maximum for the DBE where the intake inlet area is smaller than the nacelle maximum area. The lowest nacelle drag is the MTF engine and this is due to its lowest diameter.
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Pre-Entry Drag
The pre-entry drag arises because the free stream (A,) and the intake geometric area (Ae) are different, static pressure increases, from ambient (P 0 ), to that of the intake entrance (Pe) due to the compression of the free stream. This causes a drag force (Dpm), given by:
The pre-entry drag is a function of the free stream Mach number, mass flow and the intake geometrical area. It At subsonic mode, the pre-entry drag is higher and it depends on the intake inlet area and the engine mass flow required. Table 4 shows that the pre-entry drag is 24 %, 27% and 23 % of the total nacelle drag for the TFTJ, MTF and DBE respectively. In fact, this shows the necessity of using a variable intake inlet area. If the intake has a fixed inlet area the same as at supersonic point) the pre-entry drag will be unacceptable at subsonic mode. The area required at subsonic mode is approximately half the supersonic area (Figure 4 ). The analysis outlined above is simplified, but it allows a useful comparison between the installation effects of various powerplants. After this preliminary stage, when more detail is required, more advanced techniques, such as CFD modelling could be employed to refine the above estimates. nozzle is sized for each bypass ratio and the nacelle drag is estimated. The final installed performance for the different bypass ratios and engine diameters are obtained. Figure 5 shows that the minimum SFC, for the under expanded nozzle, occurs when bypass ratio is around 0.7, which was selected as the design value. However, considering the installation effects, the minimum SFC occurs when the bypass ratio is around 0.5, although the difference in SFC is very small. An important performance parameter is the fuel consumption of the aircraft on a typical mission. To compare the three engines under investigation, two journeys were selected to calculate the fuel consumption. The first is between London and Los Angeles, where the first part of the flight is at supersonic speed, over the sea, while the second part is at subsonic speed overland ( Table 5 ). 
Table 6b Uninstalled And Installed Fuel Bills
SUPERSONIC BYPASS RATIO OPTIMISATION
Increasing bypass ratio yields lower uninstalled SFC and a larger LPC, and diameter and installed drag. An exercise was carried out to assess the optimum choice of bypass ratio. The TFTJ engine is chosen to study the above effects.
The SFC and the specific thrust are calculated for a fully expanded convergent-divergent nozzle when the bypass ratio varies from 0.2 to 1.2 at the supersonic mode. Then, the nozzle exit area is reduced in order to be equal to the LP compressor inlet area, the nozzle is under expanded, and the new SFCs and specific thrust are recalculated using the TURBOMATCH program. Finally, the intake, engine, and the Tables 6a and 6b show the uninstalled and installed fuel bill for each engine for the two missions. For the first mission between London and Los-Angeles the best engine is the MTF, but it is the worst for the second mission, where the flight is entirely supersonic. The differences are very small however, and within the boundaries of uncertainty.
It can be seen from table 6, that the fuel consumption of all the engines is very similar. In the case of the first route, London to Los Angeles, the difference, between the best (TFTJ) and the worst (DBE) engine is slightly more than 2 percent for the uninstalled performance. In the other route, Los Angeles to Sydney, the difference is slightly larger. In this case, the best engine (TFTJ) is nearly 3 percent better than the worst (MTF) engine. 
CONCLUSIONS
These preliminary results indicate that the three engines are quite similar in terms of general suitability. The Mid Tandem Fan appears to be an attractive proposition from the point of view of sizing, however this comes with a small penalty in fuel consumption. The DBE does not meet the noise regulations at take-off due to its high nozzle exit velocity. Furthermore, matching the cycles was found to be difficult due to the engine layout, where the bypass stream is split after the IP compressor at supersonic mode.
The component efficiencies in design and of design will play an important role in the selection of the future SST powerplant. Especially the compressor variable stators where they could vary up to 30° relative to design point for the LP compressor and up to 10 0 for the IP compressor. The effect of changing the stators angles on the efficiency should be analysed in more detail for the LP and IP compressors.
The control of changing the mixing and the nozzle throat and exit areas, with changing the variable stators, will be fundamental in changing the cycle from low bypass ratio to medium bypass ratio. The area ratio changes from one mode to other could reach: 2.8 for the mixing area, 1.6 for the nozzle throat area and 4 or more for the nozzle exit area and that could present some mechanical difficulties in the design of the engine.
As stated earlier, noise was not analysed explicitly although take-off nozzle exit velocities were whenever possible limited to 400 m/s. The noise signature of the aircraft will be critical to its success, so a detailed analysis is required.
Both TFTJ and MTF are potential candidates for the future SST. For the uninstalled performance the TFTJ appeared to give the best results, but for the installed performance, the MTF became the one which gave best results. However, the difference in installed fuel bill between the two engines, for both missions, is very small, less than 1 %. Further studies in different areas, are required in order to obtain more information about these engines.
The present work indicates some of the advantages and difficulties of using variable cycle engines. It is evident that given the potential benefits of these schemes more work is required to investigate the difficulties.
